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Abstract 
Cracks frequently occur in conventional cylindrical deep drawing process due to the lower formability of aluminum alloy sheet 
at room temperature. Therefore, a new approach named electromagnetic pulse assisted progressive deep drawing is proposed in 
this paper. This method gains the radial electromagnetic force which helps to push the sheet metal in radial direction by placing 
the circular thrust coil upon and underneath the flange, while gaining the axial electromagnetic force by placing drawing coil in 
the bottom of the punch. The results shows that the placement of the radial thrust coil has significant effect on the sheet metal’s 
state and distribution of stress-strain; In addition, the interaction of the axial drawing force and the radial thrusting force  has 
great effect on the depth of the deep drawing cylindrical parts. 
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1. Induction 
Electromagnetic forming is a kind of high speed forming process, which utilizes pulsed magnetic force to 
deform to metallic workpieces. Compared with the traditional quasi-static process, electromagnetically forming 
can significantly improve the forming limit and is very suit for aluminum alloy which has high conductive (Psyk et 
al., 2011). Up to now, Electromagnetic forming method is widely used for tube bulging, tube compression and tube 
connection to meet the industrial requirement. While, only some small and shallow sheet parts can be forming by 
electromagnetic sheet forming process due to the coil stays in a fixed position and the sheet metal is deformed in 
an electric discharge. 
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Aimed to produce deep and complex parts for industrial application, Multi-step electromagnetic forming 
technology may be needed. Vohnout (1998) proposed a Matched Tool-Electromagnetic Hybrid Sheet Forming 
method. In this method, the parts are pre-formed by the conventional stamping tooling, then uses the coils which 
embedded in the tool halves to reform the shape corner. In comparison with conventional stamping, this method 
successfully formed an aluminum alloy inner door panel without failure, well fits the mould with a clear outline 
and no cracks in edges. Furthermore, Shang (2006) and Shang and Daehn (2011) proposed an electromagnetic 
assisted stamping method. In the forming process, the coil was embedded in the bottom of the punch to stretches 
the sheet with a small electromagnetic energy pulse, after each electromagnetic pulse the punch is advanced 
downward to pull the bottom area flat until the part fails. The results indicated that this method can increase 
drawing depth. However, a high clamping pressure is loaded on the sheet to inhabit wrinkle in above mentioned 
forming method, which also inhabit the material flow inward to die cavity. 
In order to dramatically improve the value of sheet metal in the flange flow to die cavity and the drawing depth, 
this paper proposes a new technology named electromagnetic pulse assisted progressive deep drawing. The 
experiment and numerical simulation are both used to analyze the effect factors on deformation process. The 
results show it is feasible to manufacture the deep drawing cylindrical parts. 
2. Principle of electromagnetic pulse assisted progressive deep drawing 
Fig.1 shows the typical electromagnetic pulse assisted progressive deep drawing device consisting of punch 1, 
die 8, holder 3, the deep drawing coil 2, which is embedded in the bottom of the punch, the radial thrust coil 4,5,6 
embedded in the holder, and the other radial thrust coil 9,10,11 embedded in the top of the die, number 7 is the 
sheet metal being formed, 7-1 depicts the original location of the sheet metal. In the forming process, as shown in 
Fig.1(b), the deep drawing coil 2 and the thrust coil 4,5,6,9,10,11 discharge at the same time, while the 
electromagnetic pulse force makes the sheet metal in the bottom of the punch deform to the location in 7-2, and the 
flange part of the sheet metal is pushed in radial direction towards the die cavity. After the first charge, as Fig.1(c) 
depicts, the sheet metal reaches the position 7-3, the edge of the sheet metal towards the middle of coil 5 and coil 
10, so the first processing step is completed. The processing steps mentioned above repeats until the deep drawing 
of cylindrical work piece is completed. 
 
Fig. 1. Schematic of typical electromagnetically assisted progressive deep drawing process: (a) The initial state;  (b) electromagnetic pulse 
forming; (c) down the punch for shaping.Punch  2. deep drawing coil  3. holder  4-6,9-11. thrust coil  7. blank  8. die. 
 
The working principle of axial deep drawing coil and radial thrust coil is shown in Fig. 2. Fig. 2(a) shows the 
magnetic force distribution of the coil embedded in the bottom of the punch, and this magnetic force pushes the 
sheet into the die in the axial direction. Fig. 2(b) shows the magnetic force distribution of the coils embedded in the 
holder and the die, and current direction of these two coils are the same. When the magnetic flux produced by the 
radial thrust coils are connecting, the radial thrust coils produce transverse thrust and radial thrust like a rubber 
band, and these thrusts push the sheet metal of flange area into the die. The purpose of adopting electromagnetic 
pulse radial thrust is to overcome the friction of the flange area so the tensile stress of the corner area and straight 
side area decrease, the deep drawing limit of the cylindrical part also improved. 
(b) (a) (c) 
803 Jinxiu Fang et al. /  Procedia Engineering  81 ( 2014 )  801 – 807 
 
Fig. 2. Working principle of the coils: (a) The axial deep drawing coil; (b) the radial thrust coil. 
3. Numerical simulation of electromagnetic pulse assisted progressive deep drawing 
3.1. Models and conditions 
Electromagnetic forming is a complex electromagnetic-structural coupling process. Numerical simulation offers 
an opportunity to overcome the problem. Currently, two mainly strategies are developed to simulate the 
electromagnetic forming: loose coupling method and sequential coupling method. The loose coupling method is 
simple, which treated the electromagnetic field and structural field as two independent problems. While the 
sequential coupling method can overcome the magnetic structure coupling problem successfully due to the 
workpiece deformation on magnetic field analysis is considered (Cui et al., 2013). Therefore, the sequential 
method is used for the following analyses. Numerical simulation for the electromagnetic pulse assisted progressive 
deep drawing of A5052-O has been performed by using the finite element software ANSYS. According to the 
symmetric characteristic of both models, coils and the sheet metal, only half of the field region is included in the 
analysis. As depicted in Fig. 3(a), this model includes sheet metal, deep drawing coil, radial thrust coils, air and far 
field air region. Fig. 3(b) shows the details of the sheet metal and coils.  
 
 
Fig. 3. Meshes of electromagnetic analysis: (a)Finite element model;  (b) detail including the coils and blank. 
The sheet material used in this work is the aluminum alloy A5052-O with a thickness of 1mm and the diameter 
of 200 mm. The properties of materials are measured by tensile tests at room temperature, as shown in Table 1. 
The section area of the drawing coil and the thrust coil are 3mm×6mm and 3mm×10mm, respectively. The 
diameter of the punch is 97.4 mm, the radius of the punch corner is 8mm.The inside diameter of the die is 100 mm, 
the die corner is 10mm. The discharge voltage 20000 V and capacitance 213uF are used in the following 
simulation and experiment. The axial deep drawing coil and the radial thrust coils are used in parallel connection 
(a) (b) 
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with capacitance. 
Table 1. Material parameters of the system. 
Material parameters Poisson’s ratio Yield strength(MPa) Ultimate strength(MPa) Elastic modulus(GPa) 
Blank(A5052-O) 0.33 87.4 198 66.2 
3.2. The distribution of magnetic force on sheet metal 
Fig. 4(a) and (b) shows the distribution of the axial magnetic force and the radial magnetic force on sheet when 
the three coils discharge simultaneously, respectively. As can be seen from Fig. 4 (a), the axial magnetic force on 
the upper and underneath surface of the sheet which caused by the radial thrust coils is symmetrical. Therefore, the 
resultant force faced to the radial thrust coils is equal to zero in axial direction. Meanwhile, the axial magnetic 
force will be induced on the sheet metal from 30mm to 50mm due to the deep drawing coil. Fig. 4(b) shows that 
the radial magnetic force generated by the radial thrust coils is mainly distributed at the end of sheet metal. During 
the forming process, the axial magnetic force generated by the deep drawing coil can make the sheet metal deform 
downward and the radial magnetic force can push the sheet metal flow inward the die cavity. Thus, deeper 
cylindrical parts could be manufactured by this method. 
 
 
Fig.4. Simulation results with three coils discharge simultaneously: (a) The axial magnetic force on sheet; (b) the radial magnetic force on sheet. 
3.3. Effect of  the relative position of sheet metal and coil on sheet forming 
As shown in Fig. 5, when the upper and underneath coils are single turn, the sheet metal’s edge can be set in the 
left or right of the center line of the coil’s cross section. In order to simply illustration, it is assumption that the 
distance between the edge and O1 defines as +a if the sheet metal’s edge is located on the right of O1, and vise 
defines as –a. As shown in Fig.6, the radial thrust force decreases slightly if the –a value increases. While, the 
radial thrust force reduced sharply if the +a value increases. It shows that in the region from -6 mm to 0 mm, the 
radial pressure at the end of the sheet metal is very large, among them, the maximum magnetic force occurs in the 
region from -3 mm to -1 mm.  
 
 
(a) (b) 
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Fig.5. Relative position between sheet metal and the single-turn coils.      Fig.6. The radial thrust force versus distance a. 
As shown in the Fig. 7, when the upper and underneath coils are two turns, we assume the symmetry centerline 
of the two turns as O2, and the centerline of outer coil ’s section sets as OR, meanwhile, the inner cross-section 
centerline of the coil is set OL. When the edge of the sheet metal ran far from O2 towards the left, the distance 
value is set -a, in the contrary, the distance is set + a. Fig. 8 shows that in the region from -8mm to -5 mm, the 
radial pressure at the end of the sheet metal is very large. Due to the thickness of the coil is 3mm, it can concluded 
that the largest radial thrust force at sheet metal end can be obtained if the sheet metal’s end close to the inner side 
of the coil according to the results in Figs. 5 and 6. 
 
 
Fig.7. Relative position between sheet metal and the two-turn coils. 
 
     Fig.8. Radial thrust force versus distance a. 
3.4. Effect of the radial thrust coil on sheet forming 
Fig. 9(a) shows the forming results by the conventional stamping. It can be found that the sheet deformation 
height is 26 mm, the maximum thickness reduction is 0.32 mm, the material flow at sheet end is 2.55 mm and the 
maximum tensile stress is equal to 236 MPa. Fig. 9(b) shows the forming results by electromagnetic pulse assisted 
progressive deep drawing. It can be found that the sheet deformation height is 26 mm, the thickness reduction is 
only 0.10 mm of the sheet metal which located at the punch corner near the side wall, the material flow at sheet 
end is 11.41 mm and the maximum tensile stress is equal to 140 MPa. Therefore, the electromagnetic pulse 
assisted progressive deep drawing process can significantly increase the value of material flow inward from sheet 
end, decrease the tensile stress, and obtain uniform stress distribution. 
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Fig. 9. Distribution of sheet thickness and stress: (a) Conventional stamping; (b) electromagnetic pulse assisted progressive deep drawing.   
4. Experiments 
4.1. Experimental apparatus and conditions 
The forming device is shown in Fig.10 (a), mould and coil structure size as stated in Fig.3 (b). Fig.10 (b) is 
photographed of the radial thrust coil, which is wound into 7 turns. 
 
 
Fig.10. Experimental apparatus and coils: (a) experimental apparatus; (b) radial thrust coil. 
4.2. Experiment results 
Fig. 11 (a) shows the sheet profile after once discharge with voltage 20000 V, the  sheet  has  a  maximum  
displacement 24 mm at  the sheet center, the flange diameter of 196 mm. Fig. 11(b) shows the sheet profile after 
two discharge with voltage 20000 V, between the two discharge the punch moves down 8 mm. The maximal 
displacement 22mm also occurs at the sheet center, the flange diameter of 194 mm, the bottom of the sheet is flat 
except a embossing occurs at the sheet center.  
According to the simulation results, it is found the new forming method is feasible to produce deep drawing 
cylindrical parts. However, it is difficult to make a clear conclusion whether the sheet metal radial flow is caused 
by electromagnetic radial pushing based on the experiment results. There is a primary reason on it: the same 
current density is loaded on the deep drawing coil and the radial thrust coils in the simulation. While, the radial 
thrust coils’s diameter and the number of the turns are both much larger than the ones of deep drawing coil. Thus, a 
larger inductance and lower current density are acting on radial thrust coils during experiments, which cause a 
smaller radial magnetic force acting on the sheet edge. In addition, wrinkling appears on sheet in the two forming 
conditions due to the low machining quality for the die and the coil. In the later design of experiments, the circuit 
system and the die structure will be adjusted. 
 
160mm 
(a) (b) 
(a) (b) 
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Fig.11. The final sheet profile: (a) After once discharge; (b)after two discharge and once punch down. 
5. Conclusions 
(1) A new approach, named electromagnetic pulse assisted progressive deep drawing, is proposed in this paper. 
The radial electromagnetic force located at the sheet edge is obtained by the thrust coils, which can push the 
sheet edge inward to die cavity. Meanwhile, the axial electromagnetic force generated by deep drawing coil 
combined with the above radial electromagnetic force make the sheet deformation at high speed. 
(2) The largest radial thrust force at sheet metal end can be obtained if the sheet metal’s end close to the inner side 
of the coil. 
(3) In comparison with conventional stamping, electromagnetic pulse assisted progressive deep drawing can 
significantly increase the value of material flow inward from sheet end, decrease the tensile stress, and obtain 
uniform stress distribution. 
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